In this article, effective point spread functions for fluorescence microscopic imaging are introduced to investigate the effects of scattering particle size and optical gating on image resolution under single-photon (1p) and two-photon (2p) excitation. The dependence of image resolution on these effects shows a deeper penetration depth under 2p excitation due to the use of a longer illumination wavelength and the nonlinear dependence of the fluorescence on excitation intensity. The fundamental difference between 1p and 2p fluorescence imaging is that 1p fluorescence imaging mainly depends on the fluorescence light excited by scattered photons, in which case the penetration depth is limited by the degradation in image resolution. However, 2p fluorescence imaging is determined by the fluorescence light excited by ballistic photons, in which case the penetration depth is limited by the loss in signal strength. The results also reveal that the pinhole gating method is efficient in 1p fluorescence imaging, but exhibits a limited influence on 2p fluorescence imaging. It is also demonstrated that in 2p fluorescence imaging, a high numerical aperture objective gives a strong signal while retains an image of high resolution if the turbid medium is not so thick.
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I. INTRODUCTION
Optical imaging through turbid media has been an active research area for a decade because of its potential applications in noninvasive medical imaging and diagnosis.
1,2 Fluorescence imaging, which can be achieved under singlephoton 1p and two-photon 3 (2p) excitation, is one of the main tools in medical diagnosis of human diseases. 4, 5 The key problem associated with fluorescence imaging through a turbid tissue medium is the strong scattering effect that severely degrades image quality. A number of gating techniques have been introduced to suppress multiply scattered photons which carry less information about an object embedded in a turbid medium. These techniques include time gating, [6] [7] [8] polarization gating, 9,10 coherence gating, 11, 12 space gating, 13, 14 angle gating methods, 15, 16 etc. Due to the fact that the excitation of fluorescence light demolishes or reduces coherence and polarization properties, some gating techniques may not be efficient in fluorescence imaging through turbid media. Another fact that has to be taken into account is that fluorescence excitation, particularly 2 p fluorescence excitation, 3 requires a high concentration of power, and therefore microscope objectives are inevitably introduced to focus the illumination light into a turbid tissue sample. Although there are a number of publications on microscopic imaging through turbid media ͑the pinhole gating method, 14, 17 the space gating method, 13,14 the angle gating methods utilizing annular lenses, 15, 16, 18 etc.͒, the investigation into fluorescence microscopic imaging is not extensive. An experiment study of fluorescence microscopic imaging through turbid media has been recently performed 19, 20 and a Monte Carlo simulation model has been developed for fluorescence microscopy. 21, 22 This model has been used to explain the signal reduction in a turbid medium. However, the effect of scattering on image resolution and optical gating methods has not been studied. The motivation of this article is to investigate fluorescence microscopic image formation, in particular, image resolution under 1p and 2p excitation. The method used in this article is based on the concept of the effective point spread function ͑EPSF͒.
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This article is organized as follows. In Sec. II, an introduction to the concept of the EPSF for fluorescence microscopic imaging through turbid media is presented. 1p and 2p fluorescence imaging is discussed Secs. III and IV, respectively. In both cases, the focus of the investigation is centered on the effect of the size of scattering particles and optical gating on image resolution. A discussion is presented in Sec. V and finally, a conclusion is given in Sec. VI.
II. EFFECTIVE POINT SPREAD FUNCTIONS IN A TURBID MEDIUM UNDER 1p AND 2p EXCITATION
A Monte Carlo simulation method has been developed for fluorescence microscopic imaging. 21, 22 However, the simulation method is slow in image modeling, particularly when an embedded object has a complex structure. Here, we extend this simulation model, based on the concept of the EPSF. 23 In our Monte Carlo simulation model similar to the reported one, 23 the spatial coordinates x, y, z, and angular coordinates and are used to trace the position and direction of each photon. A parameter p is assigned to each photon to represent its weighting in signal strength. 1p fluorescence excitation is a linear process in which case the excited fluorescence intensity is proportional to the incident intensity. Therefore, the weighting of an emitted fluorescence photon is linearly proportional to the weighting of the incident photon:
where ␣ 1p is a 1p fluorescence coefficient, and p 1 f and p e are, respectively, the weighting factors of the incident and fluorescence photons. However, 2p fluorescence is a nonlinear process in which case the excited fluorescence light intensity has a quadratic response to the excitation light intensity:
where ␣ 2p is a 2p fluorescence coefficient, and I 2p and I ex are, respectively, the intensity of the incident and the fluorescence light. Because of the nonlinear process, the implementation of Eq. ͑2͒ in the Monte Carlo simulation model under 2p excitation is not as straightforward as that under 1 p excitation. The execution of the Monte Carlo simulation for 2p excitation is divided into two stages. In the first stage, the intensity distribution of the excitation light at the focal plane, I ex (r), is calculated and stored in the database, which r is the radial coordinate. In the second stage, the simulation starts at the focal plane, fluorescence photons are generated by a uniform random generator. However, the weighting factor for a fluorescence photon at a distance r is determined according to the square of the local intensity of excitation light: 21, 22 
To simulate the image of a fluorescence object embedded in turbid media, we introduce an EPSF 23 under 1p and 2 p excitation. An EPSF not only includes the imaging properties of a microscope but also the scattering properties of a turbid medium in which a fluorescence object is embedded. The EPSF is derived from the product of the probability of an excitation photon reaching the focal plane and the probability of a fluorescence photon reaching the detector and the detail of the derivation has been reported elsewhere. 23 The significance of an EPSF is that it enables us to separate the information of an object from a surrounding turbid medium and an imaging system. With a derived EPSF, the image intensity I(x,y) of a thin object can be modeled by the convolution of an object function O(x,y) and the EPSF h(x,y):
where h(x,y) is the EPSF in the focal plane under 1p and 2 p excitation. 10 000 000 illumination photons are used in the Monte Carlo simulation to ensure the accuracy of an EPSF for a reflection-mode scanning optical microscope shown in Fig. 1 . L 1 and L 2 are two identical objectives used for illumination and detection, respectively. A finite-sized pinhole of diameter d is placed in front of the detector. It is assumed that under 1p excitation the wavelength of the excitation beam and fluorescence beam is 400 nm, whereas under 2p excitation, the excitation and fluorescence wavelengths are 800 and 400 nm, respectively. The scattering medium consists of either spherical particles of diameter () 0.48 m or spherical particles of diameter 0.202 m, suspended in water. We assume that the particle concentration in the turbid medium consisting of 0.48 m particles is 0.87ϫ10 9 /mm 3 . According to Mie Scattering theory, 24 the corresponding scattering mean-free path length ͑SMFPL͒ l is 3.68 and 15 m, respectively for wavelengths 400 and 800 nm. The optical thickness n is defined as the sample thickness d divided by the SMFPL l. For example, if a sample is embedded at a depth of 30 m, the corresponding optical thickness is 8.14 for wavelength 400 nm. In order to demonstrate the effect of particle size, the SMFPL in a turbid medium consisting of 0.202 m particles is also assumed to be 3.68 and 15 m, respectively, for wavelengths 400 and 800 nm. The parameters associated with the two turbid media are summarized in Table I . On the basis of the concept of the EPSF and Eq. ͑4͒, the effects of the size of scattering particles and optical gating on 1p and 2p fluorescence imaging through turbid media are investigated in the following sections.
III. SINGLE-PHOTON FLUORESCENCE IMAGING THROUGH TURBID MEDIA

A. Influence of the size of scattering particles
The EPSF for 1p fluorescence imaging at different focal depths is shown in Fig. 2 . It is noticed that the EPSF becomes broader with increasing the depth. For example, the full width at half maximum ͑FWHM͒ of the EPSF increases by 96% and 215%, respectively, at depths of 22.5 and 30 m, compared with the FWHM of the EPSF at dϭ15 m. The result shown in Fig. 2 demonstrates that the scattering effect in a turbid medium can severely degrade image reso- lution, because scattered photons deviate from the paths of ballistic photons and form a broad distribution in the focal plane. The more scattering events a photon experiences, the larger the deviation it produces, which results in a broader EPSF.
The EPSF at a depth of 30 m in a turbid medium consisting of 0.202 m particles is also included in Fig. 2 for comparison. It is demonstrated that the EPSF is broader for a turbid medium consisting of small scattering particles. This feature is due to the fact that the anisotropy value g is smaller for smaller scatterers ͑see Table I͒ . Therefore, a scattered photon statistically deviate further from the paths of ballistic photons after each scattering event, which leads to a broader EPSF.
To characterize image resolution, we consider a thin sharp edge embedded in a scattering slab. From the image intensity of the sharp edge scanned in the x direction, the transverse resolution, ⌫, is defined as the distance between the 90% and 10% intensity points.
Transverse image resolution of an edge object embedded in a turbid medium consisting of either particles of diameter 0.48 m or particles of diameter 0.202 m is illustrated in Fig. 3 . It is shown that the transverse resolution degrades when a turbid medium becomes thick and that the resolution becomes worse if a turbid medium consists of smaller scatterers as the result of a broader EPSF shown in Fig. 2 .
B. Effect of optical gating
One way to improve image quality in imaging through a turbid medium is to suppress the contribution of highly scattered photons by using optical gating methods. One of the most efficient optical gating methods used in microscopic imaging is the pinhole gating method.
14,17 Before a pinhole mask starts to play its role, photons emerging from a turbid medium go through a preselection process determined by the aperture of objectives. In this section, we will demonstrate the influence of the numerical aperture of objectives and size of confocal pinholes on 1p fluorescence imaging through a turbid medium.
The EPSF at a depth of 30 m for 1p fluorescence imaging is shown in Fig. 4 for different values of the numerical aperture of an objective. It is found that a narrow central peak becomes visible at the focal center for high numerical aperture objectives ͑NAϭ0.5 and 0.75͒. The central peak is mainly contributed by ballistic photons which suffer no scattering effect on their way propagating to the focal center. These ballistic photons form a diffraction-limited spot. For high numerical aperture objectives, the focal spot is small, which leads to a high intensity at the focal center. However, the other components in the EPSF, contributed by scattered photons, form a broad distribution for high numerical aperture objectives. This is because a high numerical aperture objective collects scattered photons travels at high angles and these scattered photons statistically experience more scattering events and contribute to a broader distribution in the EPSF.
In Fig. 5 , transverse resolution as a function of the optical thickness is illustrated for different values of the numerical aperture of an objective. It is shown that for a higher numerical aperture objective, the transverse resolution is poorer at a given focal depth if dϾ5 m. This is because the scattered components in the EPSF are dominant in forming an image. In this case, more scattered photons are collected by the objective, and the corresponding distribution in the EPSF is broad ͑see Fig. 4͒ , which leads to a poorer transverse resolution. However a higher numerical aperture objective also gives a sharper distribution in the EPSF for ballistic component ͑see Fig. 4͒ , which gives a better resolution, when dϽ5 m. But the strength of such component is weaker compared with scattered component for a thicker turbid medium. As the result, using a higher numerical aperture objective without other gating methods, such as pinhole gating 14, 17 in 1p fluorescence imaging, gives a poorer transverse resolution.
To demonstrate the effect of pinhole gating on fluorescence microscopic imaging, we show the EPSF at a depth of 30 m for different sizes of pinhole in Fig. 6 . It is noted that with the utilization of a confocal pinhole, the EPSF becomes slightly narrower; the smaller the size of the pinhole, the narrower the EPSF. It is also noticed that the tail of the EPSF drops quickly when a pinhole is used. This feature shows that pinhole gating is particularly efficient in suppressing highly scattered photons which deviate further from the path of ballistic photons. The elimination of the long tail may significantly reduce the blurring of an image caused by the scattering effect. In Fig. 7 , the transverse resolution as a function of the focal depth is illustrated for different sizes of pinhole. As expected, the transverse resolution improves significantly when a pinhole is used. For example, at a depth of 45 m, the transverse resolution is 62.2 m when no confocal pinhole is used, but becomes 42.8 and 27.1 m, respectively, for a pinhole of diameters 100 and 50 m. The ratio of improvement is 31.2% and 56.4% in these two cases, respectively.
IV. TWO-PHOTON FLUORESCENCE IMAGING THROUGH TURBID MEDIA
A. Effect of the size of scattering particles
The EPSF for 2p fluorescence imaging is shown in Fig.  8 . It is seen that a peak is shown near the focal center. With the increase of the focal depth, the peak becomes less significant and may eventually disappear if the scattering medium is thick enough. The peak is contributed by the fluorescence light excited by ballistic photons that experience no scattering event on their way to the focal plane. The total number of these ballistic photons may be insignificant compared with scattered photons; however, their contribution to the intensity near focal region may still be significant, since these ballistic photons are only distributed near the focal region. Their contribution to the intensity is enhanced due to the quadratic intensity dependence under 2p excitation. If a photon experiences some scattering events, it deviates from the path of ballistic photon and forms a broad distribution on the focal plane.
The EPSF at a depth of 120 m in a turbid medium consisting of 0.202 m particles is also illustrated in Fig. 8 . The EPSF has a stronger central peak, but is more widely distributed in this case, compared with the EPSF at the same depth in a turbid medium consisting of 0.48 m particles. It is understood that the anisotropy value g is less for smaller scattering particles, which results in a broader distribution in the EPSF. As a result of this property, the intensity outside the focal region is relatively low in a turbid medium consisting of small scattering particles. Therefore, the central peak becomes more significant due to the quadratic intensity response under 2p excitation.
The transverse resolution of an edge object embedded in a turbid medium consisting of either 0.48 m particles or 0.202 m particles is illustrated in Fig. 9͑a͒ . A comparison of Figs. 3 and 9͑a͒ demonstrates that 2p fluorescence imaging is vastly superior to 1p fluorescence imaging in terms of image resolution if the depth is less than 60 m. For 2p fluorescence imaging, the transverse resolution stays nearly at the diffraction-limited resolution when dϽ60 m, and then quickly increases. The increasing rate eventually drops approximately after dϭ90 m. When dϽ60 m, the fluorescence light excited by ballistic light is dominant over that excited by scattered light, and therefore a near diffractionlimited image resolution can be achieved. In the range of 60 mϽdϽ90 m, the weighting of the fluorescence light excited by ballistic photons drops quickly and the fluorescence light excited by scattered photons becomes strong, thus leading to a poor transverse resolution. In this region, the increasing rate of transverse resolution depends on the decaying rate of ballistic photons. When dϾ90 m, the scattered component in the EPSF is dominant in building an image. In this situation, the transverse resolution is decided by the broadness of the EPSF contributed by scattered photons.
A comparison of the two image resolution curves in Fig.  9͑a͒ shows that the transverse resolution in a turbid medium consisting of 0.48 m particles is better only when dϾ75 m, in which case scattered photons dominate the imaging process. In the region dϽ75 m, where the central peak in the EPSF dominates the image formation, the resolution is almost same for the two turbid media. Transverse resolution as a function of depth for different SMFPLs l 1 and l 2 is shown in Fig. 9͑b͒ . It should be pointed out that although the depth scales d 1 and d 2 have one order of magnitude difference, the optical thickness n is the same for both scales. It is shown that the transverse resolution is very close for the two media in the ballistic photon dominated regime. However, the transverse resolution is much poorer for a turbid medium of larger SMFPL l 2 .
B. Effect of optical gating
In the previous section, we have demonstrated that the role of the central peak in the EPSF plays an important role in 2 p fluorescence imaging. In this section, we will demonstrate how it can affect the optical gating efficiency in 2p fluorescence imaging.
The EPSF at a depth of 120 m for 2p fluorescence imaging is shown in Fig. 10 for different values of the numerical aperture of an objective. The EPSF for 2p excitation is not necessary poorer if a higher numerical aperture objective is used. In fact, in this situation, the central peak is more pronounced, but the EPSF appears to be broader. In Fig. 11 , the transverse resolution as a function of the focal depth is illustrated for different values of the numerical aperture of an objective. It is noted that for dϽ60 m, the image resolution is slightly better if a higher numerical aperture objective is used. In this region, the central peak in the EPSF is dominant in forming an image. The central peak in the EPSF is mainly contributed by fluorescence excited by ballistic photons. Therefore, a near diffraction-limited resolution can be achieved in this situation. Since a higher numerical aperture objective produces a narrower diffraction spot, the corresponding transverse resolution is better. In the region where dϾ90 m, the transverse resolution is better when a lower numerical aperture objective is used. In this region, the broad distribution in the EPSF, contributed by scattered photons, is dominant in image formation. In this situation, a high numerical aperture objective collects more scattered photons, which results in a broader distribution in the EPSF, and therefore leads to a poorer resolution. It is in the region of 60 mϽdϽ90 m where the central peak in the EPSF starts to lose its dominance, that a quicker degradation in image resolution occurs for a higher numerical aperture objective. In conclusion, when the ballistic peak in the EPSF is dominant in forming an image, a higher numerical aperture objective offers a better resolution. When the broad distribution contributed by scattered photons is dominant, a lower numerical aperture objective gives better transverse resolution. Now we consider the effect of a pinhole on 2p fluorescence imaging. The EPSF for a pinhole of diameter 100 m at a depth of 120 m is illustrated in Fig. 12 . It is noted that the utilization of a finite sized pinhole makes little difference in the central peak of the EPSF. However, it does reduce the contribution of scattered photons in the region outside the focal center. This feature implies that a pinhole may not be efficient in improving image quality in 2p fluorescence imaging through turbid media if the central peak is dominant in the EPSF. In Fig. 13 , the transverse resolution as a function of the focal depth is illustrated. As expected, the resolution improvement by utilization of a finite sized pinhole is not significant until a turbid medium becomes thicker, dϾ75 m, in which case the fluorescence excited by scattered photons is dominant.
V. DISCUSSION
In the last two sections, we have quantitatively demonstrated that 2p fluorescence imaging is vastly superior to 1p fluorescence imaging in terms of image resolution. This feature is consistent with experiment results 25 and results from the two mechanisms; the significant reduction of scattering due to the utilization of a long wavelength illumination, and the quadratic intensity dependence in 2p excitation. In order to have a further understanding of the comparison of image resolution between 1p and 2 p fluorescence imaging, we introduce a coefficient ␦, which is defined as the ratio between the power of the central peak and the total power of the EPSF. In Fig. 14 , ␦ as a function of the focal depth is illustrated. It is noticed that ␦ quickly drops to zero in the case of 1p fluorescence imaging, which means that the central peak quickly loses its dominance in forming an image. However in the 2p fluorescence situation, ␦ first remains approximately unchanged until dϭ45 m or higher, which means that a near diffraction-limited resolution can be expected in this situation. The significant difference between 1p and 2p excitation situations can be explained by the following two factors. First, the excitation wavelength for 2p fluorescence imaging is much longer than that of 1p fluorescence imaging. Therefore, under 2p excitation, the number of the scat- tering events that the excitation light experiences is much less than that for 1p excitation. The second factor is that 2p excitation is a nonlinear process, which enhances the excitation near the focal center to produce a sharp peak in the EPSF. This feature shows that 1p fluorescence imaging is mainly determined by the fluorescence light excited by scattered photons. Thus, the degradation in image resolution limits its capacity in imaging an object deeply embedded in a turbid medium. The transition point, e.g,. ␦ϭ0.5, between ballistic photon dominated regime and scattered photon dominated regime is crucial in determining imaging performance in 2p fluorescence imaging. The transition point depends on parameters of a turbid medium and an imaging system. The transition point may slightly extend to deeper depth if a high numerical aperture objective, e.g., when NA ϭ0.75, is used. If the SMFPL is doubled, the depth where the transition point occurs is almost doubled as well.
Here a question may be raised; what is the limit for 2p fluorescence imaging through a turbid medium. To answer this question, we introduce the concept of signal level defined as the number of fluorescence photons collected by the detector. The signal level is normalized by the fluorescence signal strength when no scattering particle exists. The signal level as a function of the focal depth for 1p and 2p fluorescence imaging is shown in Fig. 15 . It is noticed that the signal level in 1p fluorescence imaging does not decrease significantly as the turbid medium becomes thick. For example, when depth d increases to 30 m, the image resolution drops to 42 m ͑Fig. 3͒, while the corresponding signal level drops only to 38% ͑Fig. 15͒. However, for 2p fluorescence imaging, the situation is quite different. It is shown in Fig. 15 that the signal level under 2p excitation drops significantly when the focal depth increases. For example, the signal level drops to only 3% at dϭ30 m. Compared with the signal level for 1p fluorescence imaging, the signal level for 2p fluorescence imaging decreases much faster. It is also noticed that the signal level under 2p excitation is more than three orders of magnitude smaller than that under 1p excitation when dϭ60 m. In this situation, the 2p fluorescence signal may be too weak to overcome a noise level from an imaging system. However, according to Fig. 14, the 2p fluorescence light excited by ballistic photons is still dominant and a near diffraction-limited resolution can still be obtained at dϭ60 m. Therefore, we may draw a conclusion that 2p fluorescence imaging is mainly determined by ballistic photons, and that the penetration depth is limited by the signal level.
The image simulation of an edge object embedded in a turbid medium suggests that using a high numerical aperture objective reduces image resolution in 1p fluorescence imaging, since scattered photons are dominant in image formation ͑Fig. 4͒. However, in 2p fluorescence imaging, the utilization of a high numerical aperture objective increases signal strength without affecting image resolution in the region where the fluorescence light excited by ballistic photons in the EPSF is dominant, e.g., where dϽ60 m ͑Fig. 11͒. For example, at a depth of 60 m, the signal strength for an objective of numerical apertures 0.5, 0.75, and 1.2 is, respectively, 135%, 312%, and 974% stronger than that for an objective of numerical aperture 0.25.
Using a pinhole as a spatial gating method is proven to be efficient in 1p fluorescence imaging through turbid media. Another issue involved in using a finite sized pinhole is that signal strength may drop significantly. According to our simulation results, at dϭ30 m, the signal strength for a pinhole of diameters 100 and 50 m drops to 50% and 19% of the signal level for the no pinhole case, respectively. Since the ratio of improvement in image resolution is 31.2% and 56.4% respectively for a pinhole of diameters 100 and 50 m in this situation, using pinhole gating in 1p fluorescence imaging is worthwhile. If a small pinhole is used, the loss of signal strength may cause a difficulty in detection. For example, if a pinhole of diameter 5 m is used, the signal strength drops to less than 1%, and in this situation, the signal may be too weak to overcome the noise level for a given detector.
The utilization of a pinhole offers little improvement in 2 p fluorescence imaging in terms of image resolution ͑Fig. 13͒. Moreover, using a pinhole significantly reduces signal strength ͑Fig. 15͒, which can be a serious problem in 2p fluorescence imaging through turbid media. For example, at dϭ60 m, the improvement in transverse resolution is only 9.5% when a pinhole of diameter 100 m is used. However, the signal strength drops to only 31% of the signal level when no pinhole is used. It appears that using a pinhole in 2p fluorescence imaging through turbid media is unwise.
The simulated EPSF is contributed by two components, the narrow central peak and a broader distribution contributed by scattered photons. The central peak plays an important role in image formation under 2p excitation. It offers an efficient gating mechanism through the nonlinear process of 2p excitation. In a practical situation, the central peak in the excitation intensity distribution can be distorted by spherical aberration caused by the mismatch of refractive indices at the interface of a sample. The distortion may severely degrade image quality in 2p fluorescence imaging in aspects of resolution and signal strength. Therefore, it should be carefully compensated to avoid this problem. 26 In 1p fluorescence imaging, spherical aberration may not be a serious problem because multiple scattering in this situation plays a more pronounced role in distorting an image.
The detailed study of a two-dimensional ͑2D͒ EPSF under a fluorescence microscope provides thorough understanding of image formation through a turbid medium, which allows us to further improve image quality through mathematical reconstruction methods. The multiple scattering effect in a turbid medium also contributes to sever degradation in axial image resolution. 17, 21, 22 This effect can also be included in the concept of the EPSF and a 2D EPSF can be extends to a 3-D EPSF, which provides a basis for 3D image reconstruction. The detailed study of a 3D EPSF and image reconstruction based on a deconvolution algorithm will be conducted in our forthcoming publication.
VI. CONCLUSION
In conclusion, the application of the EPSF and the convolution algorithm provides us a fast and efficient image modeling method for imaging through turbid media under 1 p and 2p excitation. 2p fluorescence imaging is generally superior to 1p fluorescence imaging in terms of image resolution. In the case of 2p fluorescence imaging, fluorescence excitation by ballistic photons dominates image formation and the penetration depth is limited because of the fast degradation in signal strength. However, for 1p imaging, fluorescence excitation by scattered photons is dominant, and the penetration depth is limited by the fast degradation in image resolution.
